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ABSTRACT 
TVA has  conducted a  study t o  determine t h e  
e f f e c t s  o f  r a d i a n t  b a r r i e r s  (RBI ( i . e . ,  a  m t e r i a l  
with a  low emiss iv i ty  sur face  facing an a i r  
space) ,  when used with f i b e r g l a s s ,  on a t t i c  h e a t  
t r a n s f e r  during sunmer and winter.  This  s tudy 
employed f i v e  small t e s t  c e l l s  exposed to ambient 
condi t ions  and having a t t i c s  with gable and s o f f i t  
vents .  Three d i f f e r e n t  RB conf igura t ions  were 
t e s t e d  and compared to t h e  non-RR conf igura t ion .  
Heat f lux t ransducers  determined the  h e a t  t r a n s f e r  
between the a t t i c  and conditioned space. 
The r e s u l t s  showed t h a t  a l l  RB 
con f i g u r a t i o n s  s i g n i f i c a n t l y  reduced h e a t  
gain through the  c e i l i n g  during t h e  summer. 
Reductions in hea t  gain during day l igh t  and peak 
e l e c t r i c  load hours were e s p e c i a l l y  a t t r a c t i v e .  
Roof temperatures f o r  the  RB conf igura t ions  were 
only s l i g h t l y  higher than f o r  t h e  non-RB case. 
Heat t r a n s f e r  reduc t ions  f o r  t h e  RB 
conf igura t ions  in  t h e  winter were smaller  than 
those f o r  t h e  summer bu t  were still  s i g n i f i c a n t  in 
many, but not  a l l ,  s i t u a t i o n s .  Savings during 
n i g h t  and peak e l e c t r i c  load hours were e s p e c i a l l y  
a t t r a c t i v e .  
INTRODUCTION 
The c u r r e n t  approach ' t o  reducing r e s i d e n t i a l  
a t t i c  heat  gain in  the  summer and h e a t  l o s s  i n  the  
win te r  is t o  use f ib rous  insu la t ion  (e .g . ,  
f i b e r g l a s s ,  c e l l u l o s e ,  rock wool) o f  var ious  
th icknesses  i n  t h e  a t t i c .  Th is  approach c e r t a i n l y  
reduces h e a t  t r a n s f e r  through t h e  a t t i c ;  however, 
pioneering work a t  t h e  F l o r i d a  Sola r  h e r g y  
Center ( 1 )  showed t h a t  t h e r m l  r a d i a t i o n  from t h e  
roof  deck t o  t h e  f ib rous  i n s u l a t i o n ,  not 
convection or conduction, is t h e  primary mode of  
hea t  t r a n s f e r  in a t t i c s  tn  t h e  summer and t h a t  a  
r a d i a n t  b a r r i e r  could s i g n i f i c a n t l y  reduce t h e  
t o t a l  a t t i c  heat  t r a n s f e r .  A r a d i a n t  b a r r i e r  is 
defined here  a s  a  t h i n ,  shee t - l ike  m t e r i a l  with a  
s u r f a c e  of  low emiss iv i ty  or high r e f l e c  t i v i t y  
facing an a i r  space. 
Heat t r a n s f e r  through a t y p i c a l  r e s i d e n t i a l  
a t t i c  is a r e l a t i v e l y  complicated s e r i e s  o f  
phenomena. I n  t h e  summer, high ambient 
temperatures and s o l a r  r a d i a t i o n  combine t o  
produce an extremely high roof temperature. On 
extremely hot summer days,  t h i s  temperature can 
reach 170°F i n  t h e  TVA region. Even on rmre 
t y p i c a l  summer days, when the  ambtent temperature 
is between 80 F and 90 F ,  t h e  roof temperature 
Can reach 1 5 0 0 ~ .  Heat t r a n s f e r  then occurs  by 
conduction through t h e  roofing m t e r i a l  r e s u l t i n g  
in a high temperature on t h e  a t t i c  s i d e  of t h e  
roof decking. 
A t  t h i s  p o i n t ,  two processes  occur. F i r s t ,  
h e a t  is t r a n s f e r r e d  down through t h e  a t t i c  a i r  by 
conduction ( n o t  convection, s i n c e  convection 
involves upward m t i o n  of  a i r  because of  
buoyancy). S ince  t h e  t h e r m l  conduc t iv i ty  of a i r  
is q u i t e  low, t h i s  process  does no t  occur a t  a  
rapid r a t e .  The second process ,  thermal r a d i a t i o n  
from t h e  a t t i c  c e i l i n g  t o  t h e  top of  t h e  f i b r o u s  
i s u l a t i o n ,  accounts  f o r  m c h  of  t h e  t o t a l  a t t i c  
h e a t  t r a n s f e r .  Th is  thermal  r a d i a t i o n ,  which 
occurs  i n  t h e  fa r - in f ra red  spectrum (4 t o  40 
microns) , s i g n i f i c a n t l y  r a i s e s  t h e  temperature of  
t h e  top of t h e  f i b r o u s  i n s u l a t i o n  and causes  h e a t  
t r a n s f e r  through t h e  i n s u l a t i o n  and i n t o  t h e  
conditioned space. Previous research  ( 1 ,  2 )  has  
shown t h a t  t h e  top  of  t h e  i n s u l a t i o n  is heated to 
such a degree by thermal r a d i a t i o n  from t h e  roof 
t h a t  it is a t  a  h igher  temperature than t h e  a t t i c  
a i r  and a c t u a l l y  h e a t s  t h e  a t t i c  a i r .  
The hea t  t r a n s f e r  during t h e  winter  begins 
with t h e  warm c e i l i n g  of t h e  condit ioned space 
hea t ing  t h e  bottom o f  t h e  f i b r o u s  i n s u l a t i o n .  
Heat is t r a n s f e r r e d  through t h e  i n s u l a t i o n ,  and 
t h e  top  o f  t h e  i n s u l a t i o n  l o s e s  h e a t  by two 
processes .  F i r s t ,  h e a t  is t r a n s f e r r e d  t o  and 
through t h e  a t t i c  a i r  by convect ion;  second, h e a t  
is  t r a n s f e r r e d  t o  t h e  cold roof deck (which could 
be s l i g h t l y  below ambient temperature because of  
r a d i a t i o n  h e a t  l o s s  t o  t h e  n igh t  sky) by thermal 
r a d i a t i o n .  Unlike t h e  summer s i t u a t i o n ,  t h e  non- 
thermal r a d i a t i o n  component ( i . e . ,  convect ion)  o f  
t h e  t o t a l  h e a t  t r a n s f e r  is s i g n i f i c a n t ,  which 
m k e s  t h e  thermal r a d i a t i o n  a  smaller  percentage 
of  t h e  t o t a l  h e a t  t r a n s f e r .  Therefore,  a  r a d i a n t  
b a r r i e r  could be l e s s  b e n e f i c i a l  i n  t h e  winter  
than i n  t h e  summer. 
PROJECT DESCRIPTION 
The o v e r a l l  o b j e c t i v e s  o f  t h i s  p r o j e c t  were 
t o  : 
Confirm t h e  s i g n i f i c a n t  summer a t t i c  h e a t  
t r a n s f e r  sav ings  o f  RBs f o r  t h e  TVA region 
c l imate .  
Study t h e  e f f e c t s  o f  RBs on a t t i c  h e a t  t r a n s f e r  
in  t h e  winter .  
Assess t h r e e  RB l o c a t i o n s  (conf igura t ions  o r  
c a s e s )  ( s e e  Figure 1 ) :  
- RB placed d i r e c t l y  on top o f  t h e  f i b r o u s  
i n s u l a t i o n  ( h e r e a f t e r  c a l l e d  RB on top) .  
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- RB a t t a c h e d  t o  t h e  unde r s ide  o f  t h e  r a f t e r s  
( h e r e a f t e r  ca ' l led  RB on r a f t e r s ) .  
- RB a t t a c h e d  d i r e c t l y  t o  t h e  u n d e r s i d e  o f  t h e  
r o o f  deck ing  ( h e r e a f t e r  c a l l e d  RB on roo f  
deck) .  
o Assess t h e  e f f e c t s  o f  RBs on summer roo f  
t empera tu res .  
TEST METHODOLOGY 
A t e s t i n a  approach was d e s i r e d  t h a t  would 
y i e l d  s t a t i s t i c a l l y  and t e c h n i c a l l y  v a l i d  r e s u l t s .  
I n  any f i e l d  test, two m j o r  s o u r c e s  o f  p o t e n t i a l  
measurement e r r o r  a r e  d i f f e r e n c e s  i n  t h e  t e s t  
s t r u c t u r e s  ( i f  t h e  c o n f i g u r a t i o n s  a r e  t e s t e d  i n  
d i f f e r e n t  test s t r u c t u r e s  a t  t h e  same t ime)  and 
d i f f e r e n c e s  in t h e  test p e r i o d s  wea the r  ( i f  t h e  
c o n f i g u r a t i o n s  a r e  t e s t e d  i n  t h e  same t e s t  
s t r u c t u r e  a t  d i f f e r e n t  t imes ) .  
A test p l a n  c a l l e d  a L a t i n  Square was chosen 
t o  r e s o l v e  t h e  above conce rns  ( 3 ) .  I n  t h e  L a t i n  
Square t e s t  sequence used ,  each o f  t h e  f o u r  
c o n f i g u r a t i o n s  was t e s t e d  tw ice  i n  each o f  t h e  
f i v e  t e s t  c e l l s ,  wi th  one d u p l i c a t i o n  in each  
phase. S i n c e  each c o n f i g u r a t i o n  was t e s t e d  i n  
each t e s t  c e l l  and i n  each t ime phase ( i . e . ,  each 
l lweatherll  p h a s e ) ,  t h e  d i f f e r e n c e s  i n  c e l l s  and 
phases  can b e  %ance l l ed  o u t n  i n  t h e  s t a t i s t i c a l  
a n a l y s i s .  Summer t e s t i n g  began on June 4, 1985 
and ended on September 20 ,  1985. Winter  t e s t i n g  
began on December 17 ,  1985 and ended on March 25,  
1986. F i g u r e  2 shows t h e  t e s t  schedule  f o r  t h e  
summer and w i n t e r  t e s t i n g .  The c e l l  c a l i h r a t i o n  
phase ,  phase 5 ,  was used merely t o  a s s i s t  in 
i d e n t i f y i n g  d i f f e r e n c e s  i n  t h e  t e s t  c e l l s .  
TEST WUIPMENT 
Tes t  C e l l s  . F i v e  smal l  s t r u c t u r e s  o r  t e s t  
c e l l s  wi th  e x t e r i o r  d imensions  o f  8 f e e t  by 6.2 
f e e t  and 8.9 f e e t  h i g h  ( t o  t h e  c e i l i n g )  and 
exposed t o  ambient c o n d i t  i o n s  were used i n  t h i s  
t e s t .  The c e l l s  had an i n t e r i o r  o r  cond i t ioned  
volume o f  273 f t 3  and each c e l l  had an a t t i c  
covered by t y p i c a l  b l a c k  f i b e r g l a s s  s h i n g l e s .  The 
a t t i c  d imensions  were 8.3 f e e t  by 5.8 f e e t  and 2 
f e e t  h igh  ( t o  t h e  roo f  peak) .  The w a l l s  and 
f l o o r s  o f  t h e  c e l l s  had R30 i n s u l a t i o n .  T h i s  h igh  
v a l u e  was s e l e c t e d  so t h a t  h e a t  t r a n s f e r r e d  
through t h e  a t t i c  would dominate t h e  c e l l s '  
h e a t i n g  and c o o l i n g  loads .  The c e l l s  had no 
windows and t h e  door s  were thoroughly  s e a l e d  t o  
p reven t  i n f i l t r a t i o n .  The r o o f s  were hinged a long  
t h e  peak s o  t h a t  one s i d e  o f  t h e  r o o f s  cou ld  b e  
opened to a l l o w  easy  a c c e s s  t o  t h e  a t t i c s .  The 
h e a t i n g  and c o o l i n g  l o a d s  p e r  c e l l  were both  
e s t ima ted  to b e  1 ,000  Btu p e r  hour  a t  Chattanooga 
d e s i g n  c o n d i t i o n s  (13OF f o r  h e a t i n g  and 9h°F 
f o r  c o o l i n g ) .  
A t t i c  v e n t i l a t i o n  i n  each c e l l  was provided 
by two g a b l e  and f o u r  s o f f i t  ven t s .  The n e t  f r e e  
a r e a  o f  t h e  g a b l e  and .soffit v e n t s  were 
approximately  0.71 and 1.03 squa re  f e e t ,  
r e s p e c t i v e l y ,  f o r  a t o t a l  v e n t i l a t i o n  a r e a  o f  
1.74. The minimum g a b l e  and s o f f i t  v e n t  a r e a  f o r  
each o f  t h e  test c e l l s ,  a s  r e q u i r e d  by t h e  
Department o f  Housing and Urban Development and 
F e d e r a l  Housing Admin i s t r a t ion ,  would b e  only  
abou t  0.32 s q u a r e  f o o t .  T h e r e f o r e ,  t h e  test c e l l s  
probably  had v e n t i l a t i o n  r a t e s  h i g h e r  than  normal. 
T h i s  p robab ly  reduced summer h e a t  f l u x e s  by 
lowering t h e  a t t i c  a i r  temperature .  However, 
w i n t e r  h e a t  f l u x e s  m y  have been h i g h e r  than  wi th  
normal v e n t i l a t i o n  s i n c e  t h e  a t t i c  a i r  temperature  
may have been reduced by t h e  e x c e s s  v e n t i l a t i o n .  
The e x a c t  e f f e c t s  o f  h igh  v e n t i l a t i o n  r a t e s  a r e  
unknown. 
Heat ing and Coo l ing  Systems . Smal l ,  1 kW 
fo rced-a i r  e l e c t r i c  h e a t e r s  were used t o  h e a t  t h e  
c e l l s  d u r i n g  win te r .  These h e a t e r s  were connected 
t o  t h e r m o s t a t s  i n s t a l l e d  i n  t h e  c e l l s  t h a t  
m i n t a i n e d  i n t e r i o r  t empera tu res  o f  75OF ( 2 
2OF). 
Space  r equ i remen t s ,  s m a l l  c o o l i n g  l o a d s ,  and 
t h e  d e s i r e  f o r  p r e c i s e  measurement o f  t h e  c o o l i n g  
load  precluded u s i n g  conven t iona l  a i r  
c o n d i t i o n e r s .  I n s t e a d ,  a c o o l i n g  wa te r  
r e c i r c u l a t i o n  sys tem was i n s t a l l e d .  Two sml l  
w a t e r  c o o l e r s  produced c o o l  w a t e r  a t  approximately  
55OF which was s t o r e d  i n  t h r e e  8 2  g a l l o n  s t o r a g e  
t anks .  Cool w a t e r  from t h e s e  t a n k s  was 
con t inuous ly  rou ted  t o  each  o f  t h e  c e l l s  in 
p a r a l l e l  r u n s  o f  p ip ing .  When a the rmos ta t  in a 
c e l l  c a l l e d  f o r  c o o l i n g ,  a d i v e r t i n g  v a l v e  a t  t h e  
c e l l  r e r o u t e d  t h e  flow o f  c o o l  w a t e r  t o  a f an  h e a t  
exchange c o i l  l o c a t e d  i n  t h a t  c e l l .  When t h e  
c o o l i n g  needs  o f  a c e l l  were  s a t i s f i e d ,  t h e  
d i v e r t i n g  v a l v e  c l o s e d ,  s t o p p i n g  t h e  f low o f  w a t e r  
t o  t h e  fan  c o i l .  T h i s  sys t em m i n t a i n e d  i n t e r i o r  
summer t empera tu res  o f  65O ( + I OF). T h i s  
cooler- than-normal  i n s i d e  t empera tu re  was chosen 
t o  i n c r e a s e  t h e  r e l a t i v e l y  sma l l  a t t i c  h e a t  f l u x e s  
t o  make it e a s i e r  t o  d e t e c t  d i f f e r e n c e s  among t h e  
v a r i o u s  c o n f i g u r a t i o n s .  
Heat F l u x  Transduce r s  . The h e a t  t r a n s f e r  
r a t e s  through t h e  a t t i c s  were measured wi th  h e a t  
f l u x  t r a n s d u c e r s  made by Hycal,  I n c .  Before  
i n s t a l l a t i o n ,  t h e  h e a t  f l u x  t r a n s d u c e r s  were 
c a l i b r a t e d  ( w i t h  an  u n c e r t a i n t y  o f  + 2.25 p e r c e n t )  
by Dynatech R/D Corpora t ion  u s i n g  h e a t  f l u x e s  in 
t h e  1 t o  2 ~ t u / h r - f t 2  range. 
During summer phases  1 through 5 ,  f i v e  h e a t  
f l u x  t r a n s d u c e r s  were  i n s t a l l e d  on t h e  c e i l i n g  
c e l l  s i d e .  C e i l i n g  a r e a  beneath  j o i s t s  was 
avoided.  Because o f  h i g h e r  than  expected a i r  
v e l o c i t i e s  ( f rom t h e  f an  c o i l s )  a c r o s s  t h e  
t r a n s d u c e r s  and a n o n - i n t e g r a t i n g  d a t a  l o g g e r  
( d i s c u s s e d  i n  t h e  fo l lowing  s e c t i o n ) ,  t h e  h e a t  
f l u x  v a l u e s  r eco rded  every  15 minutes  ranged from 
h ighe r - than  expected p o s i t i v e  v a l u e s  t o  much 
lower-than expected n e g a t i v e  va lues .  
When t h e  f an  c o i l  began c o o l i n g  t h e  c e l l  
( i . e . ,  when c o o l  wa te r  is be ing  c i r c u l a t e d  through 
t h e  f a n  c o i l ) ,  c o o l  a i r  c i r c u l a t e d  a c r o s s  t h e  
bottom o f  t h e  h e a t  f l u x  s e n s o r s  c a u s i n g  a b n o r m l l y  
h igh  p o s i t i v e  h e a t  f l u x  r e a d i n g s  ( a  p o s i t i v e  h e a t  
f l u x  is  h e a t  f low downward o r  i n t o  t h e  c e l l ) ,  
s i n c e  t h e  c e i l i n g  wi th  i ts  h i g h e r  h e a t  c a p a c i t y  
was s t i l l  a t  t h e  h i g h  end o f  t h e  t h e r m o s t a t  
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deadband. When the  fan c o i l  completed i ts cool ing  
cyc le ,  cool  water -stopped c i r c u l a t i n g  through the  
c o i l  b u t  the  fan continued to operate .  Almost 
immediately much mrmer a i r  began to c i r c u l a t e  
ac ross  t h e  hea t  f lux sensors  causing very l a r g e  
nega t ive  h e a t  f luxes  s i n c e  t h e  c e i l i n g  with its 
l a r g e  hea t  capac i ty  was s t i l l  a t  t h e  low end of 
t h e  thermostat deadband. This  problem only 
occurred when t h e  cool ing system cycled on and o f f  
and, accordingly,  da ta  c o l l e c t e d  during such 
periods was not  included in our da ta  a n a l y s i s .  
The cycl ing per iods  turned ou t  t o  be a  small 
percentage of  t h e  t o t a l  t e s t  per iod ,  and most o f  
t h e  data  was deemed acceptable .  
To reso lve  t h i s  problem, some of  t h e  h e a t  
f lux  t ransducers  were moved from t h e  c e l l  i n t e r i o r  
s i d e  to the  a t t i c - s i d e  of  t h e  c e i l i n g  a f t e r  phase 
5 o f  t h e  summer t e s t .  The sensors  on t h e  a t t i c  
s i d e  did not e x h i b i t  t h i s  problem. During t h e  
winter ,  a l l  f i v e  h e a t  f lux  sensors  were placed on 
t h e  a t t i c - s i d e  of  t h e  c e i l i n g .  
Data Collect ion System and Thermocouples . A 
Fluke 2240B da ta  logger  was used t o  c o l l e c t  da ta .  
Every 15 minutes t h e  system recorded t h e  
instantaneous va lues  o f  a l l  170 d a t a  po in t s .  Data 
was t rans fe r red  from t h e  Fluke t o  a magnetic tape 
and then to our rainframe computer f o r  a n a l y s i s .  
A d a t a  c o l l e c t i o n  system t h a t  cont inuously 
recorded va lues  and gave a  15 minute wintegratedl l  
value was pre fe r red  but was no t  a v a i l a b l e .  Future 
RB t e s t i n g  w i l l  he done with such an " i n t e g r a t i n g w  
da ta  logger. Type T thermocouples, with limits o f  
e r r o r  of  + 1 . 4 9 ,  were used. 
RB and Fibrous I n s u l a t i o n  . F o r  t h e  RB on 
top of  t h e  insu la t ion  and on t h e  r a f t e r s ,  a  
double-sided RB with 40-pound Kraft Paper backing 
was used. For the  RB a t tached  to t h e  underside of  
t h e  roof deck, a  s ingle-s ided,  f i b e r  s t rand 
reinforced RB with Kraft 'Paper backing was used. 
The cos t  f o r  both of  these  products  was 
approximately f i v e  c e n t s  p e r  square foo t .  
Conventional R19 f i b e r g l a s s  b a t t s  ( s i x  inches 
t h i c k )  were used i n  a l l  t h e  a t t i c s .  The 
thicknesses  o f  t h e  b a t t s  were measured a f t e r  
t e s t i n g  was completed. Some compression o f  t h e  
i n s u l a t i o n  occurred during t h e  year-long t e s t  due 
t o  the  mny configurat ion changes. However, t h e  
average compression over t h e  e n t i r e  t e s t  was only 
about  0.4 inch. 
RESULTS 
SUMMER RESULTS 
Lat in  Square Analysis f o r  A l l  Hours . De- 
s p i t e  some of t h e  c e l l - s i d e  h e a t  f lux  da ta  beinn 
deleted ( a s  discussed prev ious ly) ,  t h i s  was st iil 
t h e  best  da ta  s e t  t o  use s i n c e  it  covered a l l  
phases and was there fore  a  l a r g e r  data  s e t ,  
whereas t h e  a t t i c - s i d e  readings were taken only 
during t h e  l a s t  h a l f  o f  t h e  summer. A b r i e f  
breakdown of t h e  weather condi t ions  during t h i s  
t e s t  (summer o f  1985) is given i n  Table 1 .  
In a l l  th'e following t a b l e s  and f i g u r e s ,  t h e  h e a t  
f lux  u n i t s  a r e  ~ t u h r - f t 2 .  Also, t h e  percent  
savings given i n  t h e  t a b l e s  a r e  t h e  savinqs 
r e l a t i v e  t o  the  non-RB case.  The s i g n i f i c a n c e  
c o l u m  Fn a l l  t h e  t a b l e s  shows whether t h e r e  a r e  
s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  a t  t h e  95 
percent  confidence l e v e l .  Di f fe ren t  l e t t e r s  f o r  
two c o n f i g u r a t i o n s  show t h a t  t h e r e  a r e  
s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  between 
these conf igura t ions .  
The r e s u l t s  o f  a  Lat in Square a n a l y s i s  using a l l  
t h e  summer da ta  ( i e . ,  a l l  hours  o f  a l l  days)  a r e  
shown in Table 2.  The th ree  RB conf igura t ions  a r e  
a l l  s t a t i s t i c a l l y  d i f f e r e n t  ( o r  b e t t e r )  than t h e  
non-RB configurat ion.  In  a d d i t i o n ,  t h e  
d i f f e r e n c e s  between t h e  RB on top and t h e  o ther  
two RB conf igura t ions  a r e  s t a t i s t i c a l l y  
s i g n i f i c a n t .  The percent  savings,  e s p e c i a l l y  f o r  
the  RB on top,  a r e  q u i t e  l a rge .  
La t in  Square Analysis f o r  Daylight Hours . 
The r e s u l t s  o f  a  Lat in Square a n a l y s i s  f o r  only 
t h e  d a y l i g h t  hours  during t h e  sumner ( 8  a.m. t o  8 
p.m.) a r e  shown i n  Table 3. A s  expected because 
of  warmer condi t ions ,  t h e  percent  savings a r e  
h igher  than f o r  a l l  hours  ( s e e  Table 2 ) .  A s  in 
t h e  a l l  hours  c a s e ,  t h e  d i f f e r e n c e s  between t h e  
non-RB case and t h e  t h r e e  RB conf igura t ions  a r e  
s t a t i s t i c a l l y  s i g n i f i c a n t  a s  a r e  t h e  d i f f e r e n c e s  
between t h e  RB on top and t h e  o t h e r  RB 
conf igura t ions .  The RB on top is again t h e  bes t  
performer. 
La t in  Square Analysis f o r  Night Hours . 
Table 4 shows t h e  sub jec t  r e s u l t s  f o r  a l l  d a t a  
dur ing  hours  from 8 p.m. t o  8 a.m. The RB on 
r a f t e r s  and roof deck cases  a r e  worse than t h e  
non-RB case.  This  could r e s u l t  from t h e  RBs 
prevent ing t h e  r a d i a t i o n  o f  h e a t  away from t h e  h o t  
f i b r o u s  i n s u l a t i o n  a t  n i g h t .  Surpr i s ing ly ,  t h e  RB 
on top has a  lower average h e a t  f lux  than t h e  non- 
RB case.  A s  t h e  s i g n i f i c a n c e  c o l u m  shows, t h e  
d i f f e r e n c e  between t h e  RB on top and t h e  non-RB 
case  is s t a t i s t i c a l l y  s i g n i f i c a n t .  
Lat in Square Analysis by Temperature Range . 
Tables 5 ,  6 ,  and 7 show t h e  h e a t  f l u x e s  f o r  each 
conf igura t ion  f o r  v a r i o u s  ambient temperature 
ranges. The s i g n i f i c a n c e  c o l u m  again shows 
whether the  d i f f e r e n c e s  between t h e  conf igura t ions  
a r e  s t a t i s t i c a l l y  s i g n i f i c a n t .  It is apparent  
from t h e s e  t a b l e s  t h a t  t h e  percent  sav ings  f o r  t h e  
RBs a r e  q u i t e  high (and t h e  d i f f e r e n c e s  i n  hea t  
f l u x  a r e  s t a t i s t i c a l l y  s i g n i f i c a n t )  f o r  a l l  t h r e e  
RB c o n f i g u r a t i o n s  f o r  t h e  top f o u r  temperature 
ranges o r  down t o  t h e  75OF t o  80°F range. 
S i n c e  t h e  summer c e l l  temperatures  were 6 5 9 ,  
t h i s  is a temperature d i f f e r e n c e  of  1 0 9  and 
above. For  indoor temperatures  t y p i c a l l y  
encountered, say 75OF, t h e  RBs would appear  to 
provide s i g n i f i c a n t  sav ings  a t  ambient 
temperatures  above 850F. 
The RB on top conf igura t ion  m y  be  super io r  
t o  the  RB on r a f t e r s  conf igura t ion  a t  t h e  h igher  
temperature condi t ions  because t h e  r a f t e r  
conf igura t ion  was unvented above t h e  RB. A i r  
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trapped above t h e  RB would g e t  q u i t e  ho t  and, 
through conduction' h e a t  t r a n s f e r  downward, could 
increase  t h e  o v e r a l l  a t t i c  a i r  temperatures. This  
could lead to higher  c e i l i n g  hea t  f luxes.  
Also, conf igura t ions  2 and 3 ,  which a r e  
doubled-sided RBs, could be super io r  t o  
configurat ion 4 because it is only a  s ing le -  
sided RB. As i n  t h e  a n a l y s i s  f o r  n i g h t  hours  ( s e e  
Table 41, t h e  RB on top configurat ion s u r p r i s i n g l y  
shows s i g n i f i c a n t  savings even a t  t h e  lower 
temperature ranges. This  may occur due to t h e  RB 
function in^ a s  a  p r o t e c t i v e  b a r r i e r  separa t ing  t h e  
sometimes warm o r  hot  a t t i c  a i r  from t h e  f i b r o u s  
insu la t ion .  
The s ign i f icance  l e t t e r i n g  f o r  t h e  8 5 O ~  t o  
9 0 ° ~  range can be explained a s  follows: t h e  
d i f f e r e n c e  between conf igura t ions  4 and 3 is 
not  s t a t i s t i c a l l y  s i g n i f i c a n t  (both have t h e  
l e t t e r  B) and t h e  d i f f e r e n c e  between 
conf igura t ions  3 and 2 is  no t  s t a t i s t i c a l l y  
s i g n i f i c a n t  (both have the  l e t t e r  C). However, 
t h e  d i f f e r e n c e  between conf igura t ions  4 and 2 a r e  
s t a t i s t i c a l l y  s i g n i f i c a n t ;  ( they have t h e  l e t t e r  B 
and C ,  r espec t ive ly . )  
Summer Roof Temperatures . One o f  t h e  key 
concerns about  RBs is whether they cause h igher  
roof  temperatures than normal which could r e s u l t  
i n  shor te r  roof l i f e .  Table 8 shows t h e  roof 
temperatures f o r  each of  t h e  conf igura t ions  under 
various condit ions.  The f i r s t  breakdown u s e s  only 
daytime temperature da ta  ( 8  a.m. t o  8 p.m. ). The 
daytime roof temperature d i f f e r e n c e s  between t h e  
lower temperature conf igura t ions  (non-RB and RB on 
top)  and t h e  higher  temperature conf igura t ions  (RB 
on r a f t e r s  and RB on roof deck) a r e  s t a t i s t i c a l l y  
s i g n i f i c a n t .  Despite these s t a t i s t i c a l l y  
s i g n i f i c a n t  d i f f e r e n c e s ,  t h e  RB on r a f t e r s  and RB 
on roof deck conf igura t ions  have only  OF and 
5 ' ~  higher  o v e r a l l  roof  temperatures. 
The second breakdown only uses  d a t a  during 
very high temperature, high solar i n s o l a t i o n  
condit ions.  The temperature d i f f e r e n c e s  between 
t h e  l a s t  two c a s e s  (RB on r a f t e r s  and RB on roof 
deck) and the  f i r s t  two c a s e s  (non-RB and RB on 
top)  a r e  s t a t i s t i c a l l y  s i g n i f i c a n t .  Even so, the  
d i f f e r e n c e s  a r e  only 60F and 8 9 ,  
respec t ive ly .  
The last breakdown g i v e s  t h e  lnaximum roof  
temperature recorded f o r  each configurat ion.  The 
RB con f igura  t i o n s  indeed have h igher  temperatures, 
but  only by 3 9 ,  8 9 ,  and 5OF f o r  t h e  RB on 
top ,  t h e  r a f t e r s ,  and the  roof deck 
conf igura t ions ,  respec t ive ly .  The RB on r a f t e r s  
configurat ion would probably have had lower roof 
temperatures i f  t h e  a i r  above t h e  RB and under t h e  
roof  deck had been v e n t i l a t e d .  It is l i k e l y  t h a t  
t h i s  RB configurat ion (RB on r a f t e r s  with no 
v e n t i l a t i o n  above t h e  RB) is t h e  worst case  i n  
t e r m  o f  high roof temperatures. I n  a c t u a l  
i n s t a l l a t i o n s ,  t h e  a i r  space above t h e  RB on 
r a f t e r s  can be e a s i l y  vented by leaving a  s m l l  
open space a t  t h e  roof peak so t h a t  hot  a i r  can be 
removed by a  r idge  vent  o r  gab le  vents .  
Heat Flux versus Time-of-Day . Figures  3 ,  4, 
and 5 a r e  graphs o f  t h e  average s u m e r  h e a t  f lux  
( f o r  a l l  phases) versus  time of  day f o r  each RB 
case versus  t h e  non-RB case.  These graphs show 
t h a t  from 10 a.m. t o  8 p.m. t h e  RBs s u b s t a n t i a l l y  
reduce h e a t  t r a n s f e r  through t h e  a t t i c .  The RB on 
r a f t e r s  and roof deck cases  show e i t h e r  ze ro  o r  
s l i g h t l y  negat ive savings a t  n i g h t ,  while t h e  RB 
on top case does show a t  l e a s t  some saving over 
a l l  24 hours  o f  t h e  day. 
Figure 6 shows t h e  h e a t  f lux  versus time of 
day f o r  t h e  day (August 19,  1985) during which 
TVAfs summer peak occurred. TVA's summer peaks 
l a s t  from 10 a.m. t o  10 p.m., with t h e  very 
h ighes t  loads  occurr ing around 4 p.m. t o  6 p.m. 
This graph shows t h a t  t h e  RB on top s i g n i f i c a n t l y  
reduces a t t i c  h e a t  f l u x  during almost a l l  o f  these  
hours. 
Tnsulation Temperatures . Temperatures a t  
one-inch i n t e r v a l s  within t h e  f i b r o u s  insu la t ion  
were measured with thermocouples (no  rad ia t ion  
s h i e l d s  were used) t o  determine t h e  e f f e c t s  o f  t h e  
RBs on these  temperatures. F igures  7 and 8 show 
one inch i n t e r v a l  i n s u l a t i o n  temperatures versus  
time o f  day f o r  August 19,  1985 f o r  t h e  non-RB and 
t h e  RB on top case. This  day had a  mximum 
temperature of  91°F. These graphs c l e a r l y  show 
t h a t  t h e  RB d r a m t i c a l l y  reduces insu la t ion  
temperatures. For  t h i s  day, t h e  RB reduced the  
temperature a t  t h e  top of  t h e  i n s u l a t i o n  by about 
20°F, from 112OF t o  92OF. 
WINTI33 RESULTS 
A s  in  t h e  summer test, t h e  win te r  t e s t  
consis ted of  n ine  phases ( s e e  Figure 21, with t h e  
f i r s t  four  phases being duplicated a f t e r  a  c e l l  
c h a r a c t e r i z a t i o n  phase (phase 5 1. Unfortunately, 
t h e  weather during t h e  second ha l f  o f  t h e  winter ,  
e s p e c i a l l y  during phases 7 through 9 ,  was 
extremely mild. F o r  example, t h e  average ambient 
temperature during t h e  f i r s t  four  phases was 
3Q°F, while f o r  phases 1-4 and 6-9, it was a  
much higher  4 2 O ~ .  S ince  t h e  winter  h e a t  f lux  
saving f o r  RBs f o r  m i l d  condi t ions  a r e  q u i t e  small 
and t h e  weather during phases 6-9 was q u i t e  mild, 
t h e  o v e r a l l  win te r  savings would be s i g n i f i c a n t l y  
reduced i f  t h e  second h a l f  o f  t h e  winter  is 
included in t h e  o v e r a l l  Lat in Square. Therefore,  
t o  make t h e  r e s u l t s  r e f l e c t  RB performance during 
cold weather r a t h e r  than mild weather, t h e  o v e r a l l  
Lat in Square ana lyses ,  Tables  10,  11,  and 12, a r e  
derived from phases 1 through 4 only. The 
ana lyses  by temperature range do n o t  have t h i s  
problem and, t h e r e f o r e ,  inc lude  da ta  from phases 
1-4 and 6-9. A b r i e f  breakdown o f  t h e  weather 
condi t ions  dur ing  t h i s  t e s t  (win te r  o f  1985/1986) 
is given in Table 9. 
Latin Square Analysis f o r  A l l  Hours . Table 
10 shows t h e  h e a t  f lux  Lat in Square a n a l y s i s  f o r  
a l l  hours. The d i f f e r e n c e  between t h e  RB on top 
and t h e  non-RB case is s t a t i s t i c a l l y  s i g n i f i c a n t .  
The o t h e r  two RB c a s e s  do n o t  show s t a t i s t i c a l l y  
s l g n i f i o a n t  d i f f e r e n c e s  *om t h e  non-RB case. 
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However, t h e  d i f f e r e n c e  between t h e  RB on r a f t e r s  
and the non-RB case ,  though not  s t a t i s t i c a l l y  
s i g n i f i c a n t  a t  t h e  95 percent  confidence l e v e l ,  is 
s t a t i s t i c a l l y  s i g n i f i c a n t  a t  the  90 percent  
confidence leve l .  
Latin Square Analysis f o r  Daylight Hours . 
Table 11 shows t h a t  t h e  RB on roof deck and RB on 
r a f t e r s  have a  negat ive savlngs during day hours 
( 8  a.m. to  7 p.m.), a s  might be expected, s i n c e  
h e a t  gain through t h e  a t t i c  is reduced, e s p e c i a l l y  
during milder, sunny wlnter  days. S t a t i s t i c a l l y ,  
however, the re  a r e  no s i g n i f i c a n t  d i f f e r e n c e s  
among any of t h e  conf igura t ions .  S u r p r i s i n g l y ,  
t h e  RB on top does show an 8 percent  saving 
compared to t h e  non-RB case. 
Lat in Square Analysis f o r  Night Hours . 
Table 12 shows t h a t  the  d i f f e r e n c e s  between a l l  o f  
t h e  RB cases  and the  non-RB case a r e  s t a t i s t i c a l l y  
s i g n i f i c a n t  during n igh t  hours  (7  p.m. t o  8 a.m.) 
when heat ing loads a r e  h ighes t .  The percent  
savings,  ranging from 9 t o  19 percent ,  a r e  
s izab le .  
Lat in Square Analysis by Temperature Range . 
Tables  13 and 14 g ive  t h e  h e a t  f luxes  f o r  each 
configurat ion f o r  15OF temperature ranges. For  
t h e  5 0 9  t o  6 5 9  range, t h e r e  a r e  no 
s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  among any of 
t h e  configurat ions.  I n  t h e  35OF t o  5 0 9  
temperature range, t h e  RB on top does y i e l d  a  
s i z a b l e  percent  saving and t h e  d i f  ferences between 
it and t h e  o ther  c a s e s  a r e  s t a t i s t i c a l l y  
s i g n i f i c a n t .  
In  the  20°F t o  35OF range,  t h e  
d i f f e r e n c e s  between t h e  RB on top case and a l l  t h e  
o t h e r  c a s e s  a r e  s t a t i s t i c a l l y  s i g n i f i c a n t .  Also, 
t h e  RB on r a f t e r s  and RB on t h e  underside of  t h e  
roof deck, while not  showing s t a t i s t i c a l l y  
s i g n i f i c a n t  d i f f e r e n c e s  from t h e  non-RB case,  do 
show some percentage savings. I n  f a c t ,  t h e  RB on 
t h e  roof deck does show a s t a t i s t i c a l l y  
s i g n i f i c a n t  d i f f e r e n c e  from t h e  non-RB case  a t  t h e  
90 percent  confidence l e v e l ,  though not a t  t h e  95 
percent  confidence l e v e l .  
The percent  savings f o r  t h e  RBs in t h e  5OF 
to 2 0 9  range a r e  q u i t e  high and range from 8 
percent  t o  23 percent .  However, because of t h e  
small  amount o f  d a t a  recorded i n  t h i s  temperature 
range, only t h e  RB on top  shows a s t a t i s t i c a l l y  
s i g n i f i c a n t  d i f f e r e n c e  from t h e  non-RB case.  
However, t h e  RB on r a f t e r s  does show a 
s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  from t h e  non- 
RB case a t  t h e  90 percent  confidence l e v e l .  I f  
mare cold weather d a t a  had been recorded, it is 
q u i t e  l i k e l y  t h a t  a l l  t h r e e  RB c a s e s  would have 
shown s t a t i s t i c a l l y  significant d i f f e r e n c e s  a t  t h e  
95 percent  confidence leve l .  
Heat Flux versus Time of  Dax . Figures  9 ,  
10, and 11 a r e  graphs of  t h e  average winter  h e a t  
f l u x  f o r  phases 1-4 versus  t i m e a f - d a y  f o r  each RB 
c a s e  versus  t h e  non-RB case. Each RB case  performs 
b e t t e r  ( i . e . ,  l e s s  h e a t  f lux  o r  l o s s )  than t h e  
non-RB case during t h e  n i g h t  hours  (7  p.m. t o  
9 a.m.), with t h e  RB on top being t h e  bes t  
performer. 
During t h e  day hours of  about  12 noon to 
6 p.m., t h e  RB on r a f t e r s  and roof deck c a s e s  a r e  
worse than t h e  non-RB case while t h e  RB on top is 
only s l i g h t l y  worse. 
Figure 12 shows t h e  average h e a t  f luxes  
versus  time-of-day f o r  f o u r  o f  t h e  c o l d e s t  win te r  
days (one from each of  t h e  f i r s t  four  phases) f o r  
the  RB on top versus  t h e  non-RB case. TVA's 
win te r  peaks normally occur  from 7 a.m. to 9 a.m. 
and from 5 p.m. t o  7 p.m. This  graph shows t h a t  
t h e  RB on top did reduce a t t i c  hea t  f lux during 
TVA9s peak periods.  
I n s u l a t i o n  Temperatures . A s  i n  t h e  summer, 
i n s u l a t i o n  temperatures were monitored t o  
determine t h e  e f f e c t s  o f  t h e  RBs on t h e  l n s u l a t i o n  
temperatures. F i g u r e s  13 and 14 show t h e  
i n s u l a t i o n  temperatures f o r  t h e  non-RB and RB on 
top case  f o r  t h e  same four  cold winter  days used 
i n  Figure 12. These graphs show a dramatic 
increase  in i n s u l a t i o n  temperatures f o r  t h e  RB on 
top. The minimum temperature a t  t h e  top o f  t h e  
i n s u l a t i o n  was 15OF h igher  ( 3 0 9  compared to 
45OF) f o r  t h e  RB on top versus  t h e  non-RB case. 
CONCLUSIONS 
A l l  t h e  RB conf igura t ions  yielded s i z a b l e  
percent  savings ( rang ing  from 16 t o  40 percent)  
and s t a t i s t i c a l l y  s i g n i f i c a n t  reduc t ions  in summer 
a t t i c  heat  t r a n s f e r  compared t o  t h e  non-RB case. 
Also, a s  t h e  ambient temperature increases ,  t h e  
savings a l s o  increase .  
The RB on top  was t h e  b e s t  summer performer. 
It c o n s i s t e n t l y  showed h e a t  f lux  reduc t ions  
compared to t h e  non-RB case  of about  40 p e m e n t  
f o r  almost a l l  ambient temperatures  and even 
showed savings (20  t o  30 percen t )  during m i l d  
temperature and n i g h t  summer condi t ions  when t h e  
o t h e r  RB oonf igura t ions  a c t u a l l y  had nega t ive  
savings.  I f  t h e  RB on r a f t e r s  had been v e n t i l a t e d  
above t h e  RB and below t h e  roof deck, it is 
p o s s i b l e  t h a t  i ts p e r f o r m n c e  would have been 
b e t t e r .  Nevertheless ,  above 80°F t h e  RB on 
r a f t e r s  yielded h e a t  f l u x  reduc t ions  compared t o  
t h e  base case  of about  40 percent .  
The RB conf igura t ions  provide s t a t i s t i c a l l y  
s i g n i f i c a n t  reduc t ions  in win te r  a t t i c  h e a t  f l u x e s  
i n  mny,  bu t  n o t  a l l ,  s i t u a t i o n s .  The percent  
s a v i n g s  during n i g h t  hours  and during below 3 5 9  
condi t ions ,  when hea t ing  l o a d s  a r e  h ighes t ,  a r e  
u s u a l l y  s i z a b l e  (from 6 to 23 percen t )  and t h e  
d i f f e r e n c e s  between t h e  RB conf igura t ions  and t h e  
non-RB case a r e  o f t e n  s t a t i s t i c a l l y  s i g n i f i c a n t  
during these  condi t ions .  Again, t h e  RB on top is 
t h e  b e s t  performer. 
The RB on top did not  show s i g n i f i c a n t l y  
h igher  sumner roof  temperatures  compared t o  t h e  
non-RB case.  I n  f a c t ,  i n  t h e  worst c a s e ,  ( t h e  
maximum observed roof temperatures) ,  t h e  RB on top 
roof  temperature was only 3 9  h igher  than t h e  
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non-RB case. The h igher  roof temperatures  o f  t h e  
o t h e r  RB conf igura t ions  (RB on t h e  roof deck and 
on t h e  r a f t e r s )  compared to t h e  non-RB cane were 
s t a t i s t i c a l l y  s i g n i f i c a n t .  Nevertheless ,  these  
d i f f e r e n c e s  were no t  excess ive  and i n  t h e  worst 
cane (again,  t h e  maximum observed roof 
temperatures) were only 8 9  and 5OF, 
respec t ive ly .  
A l l  t h e  RB conf igura t ions  reduced a t t i c  heat  
t r a n s f e r  during TVA's peak load per iods ,  in  both 
s u m e r  and winter.  
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Radlant Barrler Located on Underrlde of Root Deck 
LEGAL NOTICE 
lhis r e p o r t  was prepared by t h e  Tennessee 
Valley Authority (TVA) i n  fu r therance  o f  i t s  
s t a t u t o r y  r e s p o n s i b i l i t i e s .  Ne i ther  TVA, t h e  
Uli ted S t a t e s ,  nor any of t h e i r  a g e n t s  o r  
employees: (1  ) m k e  any warranty o r  
represen ta t ion ,  express  o r  implied, a s  t o  t h e  
accuracy,  completeness, use fu lness ,  o r  r e l i a b i l i t y  
of any Information, apparatus ,  product,  method, o r  
process discussed in t h i s  r e p o r t ;  ( 2 )  assume any 
l i a b i l i t y  o r  r e s p o n s i b i l i t y  f o r  t h e  use o f ,  o r  f o r  
damages r e s u l t i n g  from t h e  use o f ,  any 
information, apparatus ,  product,  method, o r  
process  discussed In t h i s  r e p o r t ;  o r  ( 3 )  represen t  
t h a t  t h e  use of any Information, apparatus ,  
product,  method, o r  process  discussed i n  t h i s  
r e p o r t  would not  i n f r i n g e  p r i v a t e l y  owned r i g h t s .  
Reference here in  t o  any s p e c i f l a  commercial 
product ,  process ,  method, o r  s e r v i c e  by t r a d e  
name, trademark, manufacturer,  o r  otherwise does 
not  c o n s t i t u t e  o r  imply an endorsement o r  
recommendation by TVA, t h e  Uli ted S t a t e s ,  o r  any 
of t h e i r  a g e n t s  o r  employees. The views and 
op in ions  o f  t h e  au thor  expressed here in  do n o t  
necessar i ly  s t a t e  o r  r e f l e c t  tho= of TVA. 
Radlant Barrkr Located Underneath Rafterr 
Radhnt Barder Located on Top of CeWlng Inrulatlon 
Figure 1. Radiant Barrier Locations or Configurations 
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Flgure 4. Average Summer Heat Flux,Phases 1-4 and 8-9  
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Figure 10. Average Winter Heat Flux. Phaaea 1-4 
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Flgure 12. Average Heat Flux from 4 Cold Wlnter Days 
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Flgure 14. Average  In8ulallon Temperature Pro f l l o  l r o m  4 C o l d  W l n t r r  
Days,  R19 F lborg lass  w l t h  2-Slded F e l l  o n  T o p  
SUMMW WEATHER CONDITIONS 
N4BIWT TmP CONIIGIJXATIOII NEAT FLUX # SIYnm 
ARIW 9 0 0 ~  NON-RB ( 1 )  2.19 -- 
RB OM lDOC DecI (I) 1.67 ,311 
RB OW R I P T B S  (3) 1 .U) 101 
RB 01 1 0 ~  1 . Z  1 0  
Average Daily Temperature : 7 4 0 ~  
Average Daily &ximum Temperature r 8 4 0 ~  
Average b i l y  Minimum Temperature r 6 7 0 ~  
Average Daily Solar Insola tion r 1,240 ~ t u / f t ~ - d a ~  
Average Wind Speed = 2.6HRI 
HUT FUR 
UUPIGIJXATfON (Btulhr-ft2) SAVIWG PCnI?ICmCB I 
WOW-RB 1.19 -- A 
RB ON ROOF DOCK 1 .OO 161 8 
IB on nmms 0.9 1 23s B 
18 OW m1 0.72 101 C 
D l f fann t  lat tara dmota at . t ls t laal ly  a lgn l f l oMt  dlrtennaea a t  the 
95 pemmt amtldmoe leval. The 95 pemmt  omtldmae leva1 also 
appllea ka a11 the tollowing tables. 
TAaE 3 
s m  REmLTS 
AVWAGE HEAT PWXeS R)R DAIUGHT WUW 
HEAT FLUX 1 SAVING 5 M I C I C U m  
WON-RB 1.65 -- A 759r-80- 
RB ON Roo? DeCK 1.25 ES B 
U B  on R L F ~ S  1.11 332 B 
18 ON X)P 0.99 531 C 
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TABLE 7 
W I O U R ~ O N  ReAT QWX $ SAVINO SOHIPICUICE 
N06RB -2.12 -- A 
RB OW ROOF D m  -2.04 41 A 
MBIMT TLnP CONPIOURATION HEAT FLUX 1 SAVING 
7'JQY-75OF I 0.94 -- 
U 0.92 21 
3 0.87 71 
2 0.64 3% 
' The d i l l e r a n o s  between the  RB m n n a r n  and n m - ~ B  aam i a  
s t a t i a t l a a l l y  a l g n i l i o m t  a t  tha  90 paraant omlldenoa lavel .  
COnrIOUIIATION HEAT FLUX 1 SAVINO SI(il(1QICUICE 
IIB ON ROOF DECK -1 -92 
RB ON RIlTWS -1.88 
NOW-RB -1 .B5 
R B  O N  m p  -1.71 
NON-RB 
R B  O W  m P  
RB ON ROOQ D E K  
R B  OW wms 
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R B  OW m p  
RB ON ROO? D 0 X  
RB OW RAFTmS 
AtlBIMT TWP CONPIOURATION HEAT FLUX 1 SAVm 
5 0 9 - 6 5 O ~  R B  O N  m~ ( 2 )  -1.10 3 1  
NOW-RB ( 0  -1.13 -- 
RB ON ROO? DECK (4)  - 1 . ~  -61  
RE ON RAQmS (3)  -1 .23 -91 
TARE 9 
WINTOI WKAlWW CORDITLOWS 
Avenge h 1 1 y  T a m a n t u r n  34- 
Avenge h l l y  kbxlum h q a n t u r n  I@=? 
Avenge h l l y  W n h m  T e q a n t u r n  .?Io? 
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